Background: To determine the prevalence, antimicrobial susceptibility patterns and related presence of mutations in quinolone resistance-determining region (QRDR) genes and plasmid-mediated quinolone resistance (PMQR) among Shigella flexneri isolates obtained from Jiangsu Province, China. Methods: A total of 400 Shigella flexneri clinical isolates collected during 2012-2015 were identified by biochemical and serological methods, and the antimicrobial susceptibility pattern was evaluated using the disc-diffusion method. PCR and DNA sequencing were accomplished to identify mutations in gyrA, gyrB, parC and parE, and the presence of qnrA, qnrB, qnrC, qnrD, qnrS, qepA and aac(6′)-Ib-cr genes were also detected. Results: Of all the Shigella flexneri, 75.8% were resistant to nalidixic acid, and 37.0% were categorized as norfloxacin resistant. Overall, 75.5% of isolates possessed gyrA mutations (Ser83Leu, Asp87Gly/Asn and His211Tyr), while 84.3% had parC mutations (Ser80Ile, Ala81Pho, Gln91His and Ser129Pro). The most prevalent point mutations in gyrA and parC were Ser83Leu (75.5%, 302/400) and Ser80Ile (74.5%, 298/400), relatively. Besides, the Gln517Arg alternation in gyrB was detected in 13 S. flexneri isolates and no mutations were identified in parE. PMQR determinations of qnrB, qnrS and aac(6′)-Ib-cr were detected among 16 strains (4.0%).
2011 in Anhui Province [6] . In our previous study, the proportion of norfloxacin-resistant S. flexneri was as high as 36.8% in the period 2006-2011 in Jiangsu Province [7] .
The development of fluoroquinolone resistant was found to be associated with several mechanisms that have been documented, primarily attributed to multiple mutations in the quinolone resistance-determining region (QRDR) of the genes encoding DNA gyrase (gyrA and gyrB) and topoisomerase IV (parC and parE) [8] , additionally, plasmid-mediated quinolone resistance (PMQR) and efflux pump mediators mechanisms have been identified related to resistance [9] .
In our previous survey of S. flexneri isolated from 2001 to 2011, fluoroquinolone resistance profiles and the presence of QRDR genes encoding resistance to fluoroquinolone have been described, in this study, we wanted to assess the level of antimicrobial resistance and fluoroquinolone resistance mechanisms including QRDR and PMQR genes of S. flexneri collected from patients between 2012 and 2015 in Jiangsu Province, China. Indeed, this is the first work to detect PMQR determinants in Shigella flexneri strains from Jiangsu Province.
Methods

Strains collection and examination
A total of 400 non-duplicate, consecutive clinical S. flexneri strains were collected from Jiangsu Provincial Center for Disease Control and Prevention between January 2012 and December 2015, and the isolates enrolled were isolated throughout Jiangsu Province. Jiangsu Province is a region with approximately 100 thousand square kilometers and a population of 75 million and 13 cities located in this area. The cities were Nanjing (n = 9), Suzhou (n = 44), Wuxi (n = 22), Zhenjiang (n = 20), Changzhou (n = 40), Nantong (n = 27), Taizhou (n = 60), Yangzhou (n = 18), Xuzhou (n = 33), Yancheng (n = 25), Lianyungang (n = 44), Huai'an (n = 26), and Suqian (n = 32).
Samples were cultured for Shigella by streaking diarrheal stools directly onto Salmonella-Shigella agar and then incubated at 37°C for 16 to 24 h. After culture and screening, the isolates were identified using VITEK 2 system (bioMérieux, Marcy l'Etoile, France).
Serotyping
Serologic identification was performed by slide agglutination with polyvalent somatic (O) antigen grouping sera, followed by testing with available monovalent antisera for specific identification of serotypes according to the manufacturer's instructions (Denka Seiken, Japan).
Drug susceptibility test
Antibiotic susceptibility of the Shigella isolates was tested using the Kirby-Bauer method on Muller-Hinton agar plates for nalidixic acid (NAL) and norfloxacin (NOR) (Oxoid, Hampshire, UK), results were interpreted according to Clinical and Laboratory Standards Institute (CLSI) performance standards [10] . A control strain of Escherichia coli (ATCC 25922) used for antibiotic susceptibility testing quality control.
Detection of point mutations in gyrA, gyrB, parC, and parE Preparation of bacterial DNA templates and PCR amplification of the quinolone resistance-determining regions of gyrA, gyrB, parC and parE were performed using primers and conditions as previously described (Table 1 ) [11] [12] [13] . The presence of the target genes was confirmed through 1.5% agarose gel electrophoresis. Subsequently, the amplification products of QRDR genes were purified, then, DNA sequencing was performed using primers (Genewiz, Suzhou, China). The sequence data were analyzed by comparison with sequences in GenBank.
Detection of PMQR
Besides, all isolates were screened for plasmid-mediated quinolone resistance (PMQR) genes (qnrA, qnrB, qnrC, qnrD, qnrS, qepA and aac(6′)-Ib-cr) as described in previous reports (Table 1) [14] [15] [16] [17] [18] . Next, the amplified PCR products were identified by agarose gel electrophoresis and the positive products were purified and sequenced (Genewiz, Suzhou, China) to confirm the presence of PMQR genes.
Statistical analysis
For analysis of resistance patterns and mutation characteristics, statistical comparisons were performed using the chi-Square test. The differences among the groups were considered to be statistically significant at P < 0.05.
Results
Bacterial isolation
A number of 400 S. flexneri isolates were isolated and identified from patients over the period from 2012 to 2015 in Jiangsu Province of China. The number of isolated strains of the four years accounted for 120, 114, 85 and 81, relatively, showing a decreasing trend. Among these clinical S. flexneri isolates, 2a (n = 156, 39.0%) was the most prevalent serotype, followed by 1a (n = 75, 18.8%), 2b (n = 66, 16.5%), 1b (n = 61, 15.3%) and X (n = 18, 39.0%). Other serotypes including 3b, 4, 4a, 4c and Y were also detected (Fig. 1) .
Fluoroquinolone susceptibility testing
Of the 400 S. flexneri isolates, 75.8% (303) were resistant to nalidixic acid, and 37.0% (148) were categorized as norfloxacin resistant. During the four years, resistance rate of nalidixic acid fluctuated between 70.0% and 80.0% and no clear changing trend was observed. A comparative analysis of the resistance against norfloxacin performed illustrated that the proportion of norfloxacin resistant isolates between 2014 (36/85) and 2015 (33/81) was notably higher than that isolated in 2012 (41/120) and 2013 (38/114) (P < 0.05). Fluoroquinolone susceptibility profiles of the isolates also varied between serotypes. Serotype 1a showed the highest resistance rate to both nalidixic acid and norfloxacin, with resistance rates of 88.0% and 46.7%, respectively, and the proportions were closely followed by serotype 2a of 85.9% and 45.5%. Most noticeably was that all the S. flexneri isolates that identified as serotype 4, 4a, 4c, X and Y were nalidixic acid resistant and almost half of the serotype 4c isolates were resistant to norfloxacin. Additionally, the mutation of Ser83Leu and His211Tyr took up a stable share during the four years while the association between time distribution and amino acid substitution at codon 87 in the parC gene was statistically significant (P < 0.05) ( Table 2) . A significant annually decrease in the substitution of Asp-87 to Gly was seen (40.8% in 2012 to 13.6% in 2015) whereas the mutation rate of Asp-87 to Asn remained stable in the first two years and fluctuated largely in 2014 (Table2).
Mutations in parC gene
For the parC gene, 84.3% (337/400) had mutations, 298 and 152 isolates carried substitution at codon Ser80 and Ser129, relatively. Of those strains, 113 showed double mutations of Ser80Ile and Ser129Pro, remarkably, these 113 isolates were also observed with mutations at codon Ser83 and His211 in gyrA. Addtionally, Gln91His substitution in parC was detected in 2 isolates from 2012 and one of the two also revealed the amino acid substitution Ala81Pho in parC. During the four years, the mutation rate of Ser80Ile ranged between 67.9% and 77.5%. In contrast, the mutation rate of Ser129Pro kept rising from 2012 to 2014, and then decreased to 24.7% in 2015 (Table 2) .
Mutation in gyrB and parE genes
Among the S. flexneri isolates, 3.3% (13/400) were detected with amino acid substitution at Gln-517 to Arg in gyrB and no mutations were identified in parE (Table 2) . Furthermore, 10 out of the 13 alternation in gyrB gene showed another four point mutations in either gyrA or parC.
Mutations and fluoroquinolone susceptibility
There were 94.4% (286/303) of the nalidixic acid resistant S. flexneri carried Ser83Leu mutation (Table 3) . Attentionally, obvious difference of Asp87Gly/Asn was observed between norfloxacin susceptible and resistant isolates (P < 0.05), Asp87Gly/Asn occurred more often among norfloxacin resistant S. flexneri. Another mutation in gyrA, the substitution His-211 to Tyr among fluoroquinolone susceptible was much lower than that in fluoroquinolone resistant strains. The Ser129Pro in parC was identified as no difference in fluoroquinolone susceptible and resistant S. flexneri according to statistical analysis (P > 0.05). A total of 81.8% (121/148) of the norfloxacin resistant S. flexneri contained at least three amino acid substitutions of Ser83Leu and Asp87Gly/Asn in gyrA and Ser80Ile in parC. Surprisingly, 11.8% (11/93) of the fluoroquinolone susceptible isolates also carried the three common mutations in gyrA and parC.
Mutations and serotypes
Also, the significant difference between serotypes and Asp-87 mutation in parC was observed. There were almost no mutations in S. flexneri serotype 1b (Table 4) . Among the common serotypes, the proportion of substitution Asp-87 to Asn in serotype 2a was much more (64.1%) higher than that in other serotypes (P < 0.05). In contrast, the change of Asp-87 to Gly was highly prevalent in serotype 2b (59.1%) and 1a (52.0%), however, presenting a decreasing trend during 2012-2015.
Characterization of PMQR genes
PMQR determinants were detected alone or in combination in 4.0% (16 of 400) of isolates, qnrB, qnrS and aac(6′)-Ib-cr were present in 0.3% (1/400), 2.0% (8 /400) and 2.0% (8/400) of those isolates, respectively (Table 5) , while the qnrA, qnrC, qnrD and qepA genes were not detected. A qnrS positive isolate was detected in combination with aac(6′)-Ib-cr. Except for the qnrB positive isolate without any mutation, 15 of the 16 PMQR determinants positive isolates had at least two mutations of Ser83Leu in gyrA and Ser80Ile in parC gene. Of all the 
Discussion
Our data documented an ongoing decreasing trend of S. flexneri from 2012 to 2015, which is reflective of a current shift in the epidemiologic distribution of this specie in China in recent years [19, 20] . The same tendency of S. flexneri observed not only in China but also in some other countries like Bangladesh and Thailand [21, 22] . However, due to the unbalanced socioeconomic conditions, the distribution of Shigella infection species varies within the same country, a previous study indicated that lower rates of S. flexneri cases were observed in East, North and Northeast China, as compared to those in Middle, South, Northwest and Southwest China [19] . A retrospective study we conducted before have reported that 16 serotypes was observed between 2001
and 2011 in Jiangsu Province, with serovars 2a, 2b and 1a being the most common serotypes [7] , in this study, we found that the top three most common S. flexneri serotypes were consistent with that years ago. Overall, both serotypes 4c and X accounted for a proportion in the last 15 years [7] . All this illustrated that the predominant serotypes 2a, 2b and 1a remained important serotype, and distribution of some other serotypes fluctuated over the years. However, what's worrisome is that the only vaccine currently in use against S. flexneri in China is a live serotype 2a vaccine [23] , hence a broadspectrum Shigella vaccine that protect against all the S. flexneri serotypes/subserotypes is necessary [5] . At present, the occurrence and prevalence of fluoroquinolone-resistant S. flexneri poses a great challenge for the effective treatment of shigellosis. Fluoroquinolone-resistant Shigella has been explicitly listed as one of the top concerns in the current international focus on antimicrobial resistance [24] . In this paper, we revealed a high rate of resistance to nalidixic acid (75.8%), lower than that in 2006-2011 [7] . Additionally, we described here the worrisome fact that 37.0% of the S. flexneri isolates conferred resistance to norfloxacin. The present data showed a slight increasing of norfloxacin resistance rate, and, in contrast, a decreasing tendency of nalidixic acid resistance patterns, consistent with previous reports [7, 25] . Fluoroquinolone susceptibility profiles of S. flexneri varied between geographical locations. Nalidixic acid and norfloxacin resistance was documented in 100.0% and 22.3% of S. flexneri isolates in Anhui Province from 2005 to 2011 [6] . In Shanghai, all the S. flexneri showed nalidixic acid resistance [23] . In contrary, only 14.0% of S. flexneri was resistant to nalidixic acid and 8.4% to ciprofloxacin in Switzerland during 2004-2014 [26] . Overall, the results indicated the emerging problem that an increasing number of S. flexneri isolates have lost the natural susceptibility to fluoroquinolones. The worsening situation may be attributed to inappropriate prescription, easy access to antimicrobials and lack of local surveillance of antimicrobial resistance [25] .
Besides, we observed the resistance patterns between serotypes. Serotypes 1a and 2a were demonstrated with higher rates of resistance to fluoroquinolones, which was consistent with that reported before [25] . Hence, antibiotic susceptibility testing performed at the start of an outbreak is highly recommended, and more prudent selection and use of fluoroquinolones are warranted.
Moreover, it is of great importance to conduct continuous and strong surveillance of fluoroquinolone resistance of Shigella in local areas for periodic updating of the local antibiograms.
This study revealed that substitutions within gyrA at Ser83 and His211 and Ser80 within parC were most frequently observed in the study years. Different with reported studies [27, 28] , the presence of His211Tyr in gyrA, was of high prevalence among fluoroquinolone resistant S. flexneri isolates, and all the mutation was found with the concomitant presence of Ser83Leu mutation, the findings was similar to a study on S. flexneri serotype 4 s [29] , indicating that His211Tyr have been found in several provinces around China. Previous study have shown that mutations in the primary target genes of fluoroquinolones in Shigella can lead to development of decreased susceptibility to fluoroquinolones [9] , thus complicating the treatment of infections. Typically, resistance to nalidixic acid resulted mainly from a single amino acid substitution at either position 83 or position 87 of the gyrA gene [30] . Among the norfloxacin resistant isolates, 91.2% showed the presence of at least three substitutions in gyrA and parC, and 81.8% presented the three common mutations Ser83Leu, Asp87Gly/Asn and Ser80Ile. Our results are consistent with the previous report that the presence of additional mutations in gyrA at position 87 and parC mutation at either position 80 contributed to high-level fluoroquinolone resistance [9] . Unfortunately, the fluoroquinolone susceptible isolates Moreover, an interesting finding in our study was that the amino acid substitution at codon 87 in the parC gene varied significantly with serotypes and presented yearly variations. The mutation rate of Asp-87 to Gly decreased annually during the four years, and Asp-87 to Gly was highly prevalent in serotype 2b and 1a while substitution of Asp-87 to Asn in serotype 2a was much more prevalent. However, limited reports on epidemiology of serotypes and mutations were published. Furthermore, less common, the substitution Gln91His and Ala81Pho were observed in parC and novel point mutation Gln517Arg in gyrB gene was detected, which is worthy of notice.
There is scarce information on the prevalence of PMQR in Jiangsu Province while reports in other areas were common [27, [31] [32] [33] . The overall prevalence of PMQR in S. flexneri in the present study was 4.0%, lower than that in Anhui and Henan, rates of 9.6% and 8.2%, respectively [27, 31] . aac(6′)-Ib-cr and qnrS were the most frequent PMQR determinants detected among S. flexneri. This agrees with previous reports that qnrS and aac(6′)-Ib-cr were the predominant PMQR determinants across two provinces located in Eastern China [31, 32] . Additionally, one of the aac(6′)-Ib-cr positive isolates co-harbored the qnrS gene. The frequency of qnrB in this study was similar to the previous report in China [28, 31] . Almost all of the PMQR-positive isolates carried uniform mutations Ser83Leu in gyrA and Ser80Ile in parC, which may attribute to the promotion mutations within the QRDR, and result in resistance to fluoroquinolones. Furthermore, the qnrS-positive isolates in the present study demonstrated the report that the presence of gyrA mutation(s) and/or the qnrS gene dramatically increased fluoroquinolone resistance for S. flexneri [34] . Given that Shigella harboring the qnrS gene are able to replicate efficiently in high concentrations of fluoroquinolones [34] , the potential dissemination of fluoroquinolone resistance is evident. Seven of the PMQR-positive isolates were not norfloxacin resistant, which is in accordance with a previous published study in Switzerland [26] , illustrating the potential for development of resistance in susceptible strains. Therefore, therapeutic efficiency of fluoroquinolones may be decreased [26, 33] .
Our study had several limitations. First, Collection of S. flexneri may not a comprehensive of Shigella infection in Jiangsu Province because some people with shigellosis may not go to the hospital for medical care and diagnosis. Second, the qnr alleles of qnrB and qnrS positive S. flexneri strains in this study are not detected, which make it difficult to better evaluate the prevalent trends of PMQR determinants in this area. Moreover, whether the His211Tyr in gyrA, Gln91His, Ala81Pho and Ser129-Pro in parC and novel point mutation Gln517Arg in gyrB facilitate fluoroquinolone resistance is unknown and will be further studied in our next step.
Conclusion
Our study provides a baseline information on the prevalence in S. flexneri isolates of fluoroquinolone resistance and associated mechanisms including mutations in QRDR and PMQR determinants. Particularly, the significant finding of our study is the prevalence and distribution of PMQR genes in Shigella isolates in Jiangsu, China. Therefore, continuing active surveillance of antimicrobial resistance in Shigella is necessary and antimicrobial treatment must be updated regularly based on surveillance results. 
